Introduction
============

Hepatocellular carcinoma (HCC) is the sixth most common cancer and the third most common cause of cancer death[@B1],[@B2]. Although an increasing number of new methods are now applied to treat HCC patients, surgery and chemotherapy are still the most important therapeutic approaches for HCC patients[@B3]. HCC cells are often refractory or resistant to standard chemotherapy and radiotherapy[@B4]. Drug resistance and tumor recurrence or metastasis are quite common in HCC patients, even in patients undergoing liver cancer resection or chemotherapy, and the survival ratio is only 30% to 40% at 5 years postoperatively [@B5]. Moreover, malignant behaviors, such as drug resistance and metastasis, often lead to poor prognoses for HCC patients.

The preventive effects of cruciferous vegetables, such as broccoli, cabbage, and cauliflower, against cancer have been suggested to be owing to their relatively high composition of glucosinolates, which release biologically active isothiocyanates (ITCs) [@B6],[@B7], ITCs play important roles in the detoxification of carcinogens[@B8],[@B9]. Benzyl isothiocyanate (BITC) is a member of the ITC family, and it is formed from the hydrolysis of glucotropaeolin in cruciferous vegetables. Many studies have reported that BITC prevents cancers in laboratory animals and might also be chemoprotective in humans because BITC has displayed anti-tumor activities in many types of cancer, including breast cancer[@B10],[@B11], prostate cancer[@B12], and HCC[@B13],[@B14]. These data indicated that BITC can be applied to prevent and treat cancer. Recently, we reported that BITC plays a role in inhibiting the growth of HCC cells through arresting cell cycle[@B15]. These results suggested that BITC is able to suppress the malignant behaviors of HCC cells. However, whether BITC plays a role in inducing apoptosis and inhibiting the migration and invasion of HCC cells is still unclear. In the present study, we found that BITC promotes apoptosis and suppresses the migration and invasion of HCC cells via regulating the expression of apoptosis- and metastasis-related proteins. This study provides an evidence for the potential application of BITC as an adjuvant treatment to inhibit metastasis and enhance chemotherapy. BITC is a novel nutrient for the prevention and treatment of HCC.

Material and methods
====================

Cell culture
------------

In this study, we selected the human HCC cell lines Bel 7402 (AFP-producer) and HLE (non-AFP-producer) for testing. These cells were the gifts from the Department of Cell Biology, Peking University Health Science Center (Beijing, China), and the cells were cultured with RPMI-160 medium supplemented with 10% heat-inactivated fetal calf serum (FCS) and were incubated at 37°C in a humidified atmosphere containing 5% CO~2~ as described[@B16].

Cell growth detection by MTT methods
------------------------------------

A total of 1.5×10^4^ Bel 7402 cells or HLE cells were plated in each well of 96-well plates and cultured in RPMI-1640 medium supplemented with 10% FCS at 37°C in a humidified atmosphere of 5% CO~2~ for 48 h. The cells were cultured with medium not containing FCS for another 24 h and treated with different concentrations of BITC (10-80μmol/L) for 48 h. The effects of BITC(Sigma-Aldrich Company Ltd, St. Louis, MO,UAS) treatment on cells growth were measured by a methylthiazolyldiphenyl-tetrazolium bromide(MTT) assay as previously described[@B17]. The growth ratio was calculated using the following formula: growth ratio=(control group *A*~490~-treated group *A*~490~)/ control group *A*~490~×100%

Cell morphology was observed by microscopy and nuclear staining with DAPI
-------------------------------------------------------------------------

To observe alterations in cellular morphology induced by BITC, Bel 7402 cells or HLE cells were plated at a density of 2.0×10^4^/ml in 24-well plates. The cells were treated with 40 μmol/L or 80 μmol/L BITC. After treatment for 48 h, cellular morphology was observed under light microscopy, and the cells were stained with 4,6-diamidino-2-phenylindole dihydrochloride(DAPI) solution. The cells were imaged using a fluorescence microscope at 100×magnification. In this study, nuclear pyknosis and fragmentation were taken to define apoptosis, and these criteria were evaluated by fluorescence microscopy as previously described[@B18],[@B19].

Flow cytometry was used to analyze apoptosis
--------------------------------------------

Bel 7402 cells and HLE cells were cultured in RPMI-1640 medium supplemented with 10% FCS at 37°C in a humidified atmosphere and 5% CO~2~. The cells were treated with BITC (40 μmol/L or 80 μmol/L) for 48 h, and the extent of apoptosis in Bel 7402 cells or HLE cells was analyzed by flow cytometry as previously described[@B19].

Cell migration and invasion were detected by the Transwellmethod
----------------------------------------------------------------

Cell migration and invasion assays were carried out according to the manufacturer\'s protocols and as previously described[@B20]. To measure cell migration, transwell chambers were used to observe cultured cell inserts (Transwell chamber; 8-mm pore size; Costar, High Wycombe, UK). Bel 7402 cells and HLE cells (5×10^4^) were added to the upper chambers and cultured with serum-free RPMI-1640 medium and treated with BITC (40 μmol/L or 80 μmol/L) for 48 h, whereas the lower chamber was filled with complete medium containing 20% FCS. After 48 h of incubation, the cells in the upper chamber were carefully removed with a cotton swab, and those that had migrated through the membrane to the lower surface were fixed with 90% methanol and stained with 0.1% crystal violet. The number of cells that had migrated through the pores was quantified by counting five independent visual fields using a microscope (Olympus) with a 20×objective. For invasion assays, transwell chambers were covered with Matrigel (BD Falcon, USA), and the experimental procedure was similar to that for the migration assays. The migratory cell or invasive cell ratio=(numbers of untreated groups-numbers of treated groups)/ numbers of untreated groups.

Gelatin zymography assays for MMP2 and MMP9 activities
------------------------------------------------------

Bel 7402 cells and HLE cells were treated with BITC (40 μmol/L or 80 μmol/L) for 48 h, and MMP-2/9 protease activities in the concentrated supernatants of Bel 7402 cells or HLE cells were detected by gelatin zymography. Briefly, SDS‑PAGE under non‑reducing conditions was completed using gels containing 1% gelatin (Mini‑PROTEAN II system; Bio‑Rad), and electrophoresis was carried out at 4˚C. After washing with 2% Triton X‑100 to remove the SDS, the gels were incubated at 37˚C with buffer containing 50 mM Tris (pH 7.5), 5 mmol/CaCl~2~ and 1 mmol/l ZnCl~2~ for 18 h. MMP2/9 activities were visualized by staining with Coomassie Blue R‑250(Bio‑Rad) as previously described [@B21].

Western blotting analysis
-------------------------

To estimate the influence of BITC on the expression of apoptosis-related proteins and metastasis-related proteins, Bel 7402 cells and HLE cells were treated with BITC (40 μmol/L or 80 μmol/L) for 48 h, and the expression of apoptosis-related proteins, such as actived-caspase-3, actived-caspase-8, PARP-1 and survivin, and metastasis-related proteins, such as MMP2, MMP9 and CXCR4, in Bel 7402 cells or in HLE cells was analyzed by Western blotting as previously described[@B17].

Statistical analysis
--------------------

The data are presented as the mean ± S.D. The statistical analysis was performed using Student\'s t test (for two experimental groups). The significance was set at *P*\< 0.05. Statistical significance was determined using Student\'s t-test and *F* test (SPSS 11.5 software for Windows, SPSS Inc., Chicago, IL, US).

Results
=======

BITC inhibited the growth and induced apoptosis of HCC cells *in vitro*
-----------------------------------------------------------------------

In the present study, we used the MTT method to detect the effects of BITC on the growth of the human HCC cell lines, Bel 7402 and HLE. The results indicated that BITC inhibited the growth of HCC cells in a dose-dependent manner. When Bel 7402 cells and HLE cells were treated with different concentrations (10-80 μmol/L) of BITC for 48 h, the proliferation ratio of Bel 7402 cells and HLE cells were significantly inhibited, whereas at a concentration \>40 μmol/L BITC, the proliferation inhibited ratio were 28.6% (40 μmol/L of BITC) and 46.6% (80 μmol/L of BITC) in Bel 7402 cells (Figure [1](#F1){ref-type="fig"}A). Similarly, when HLE cells were treated with different concentrations (10-80μmol/L) of BITC for 48 h, the cellular growth was significantly inhibited at concentrations \>20 μmol/L BITC, and the growth inhibited ratio was 19.2%-62.4% (Figure [1](#F1){ref-type="fig"}A). To further prove that BITC inhibits the growth of HCC cells, we performed morphological analyses. Figures [1](#F1){ref-type="fig"}B and 1C show the cells morphological change in Bel 7402 cells and HLE cells when treated with concentrations of 40 μmol/L or 80 μmol/L BITC for 48 h. Apoptosis-related morphology changes in Bel 7402 cells and HLE cells were observed under light and fluorescent microscopy using DAPI staining, where the numbers of cells with cellular nuclear condensation and pyknosis were significantly increased. In addition, the morphological characteristics of apoptosis, including apoptosome formation and nuclear shrinkage, were apparent in the BITC-treated Bel 7402 cells and HLE cells. The flow cytometric analysis demonstrated that when Bel 7402 cells and HLE cells were treated with BITC (40 μmol/L or 80 μmol/L) for 48 h, the apoptosis ratio of the cells significantly increased (Figure [2](#F2){ref-type="fig"}). These results demonstrated that BITC was able to induce apoptosome occurrence and promote apoptosis in Bel 7402 cells and HLE cells.

BITC promotes expression of actived-caspase-3/8 and PARP-1 and suppressed expression of survivin in HCC cells
-------------------------------------------------------------------------------------------------------------

To explore the role of BITC in the expression of apoptosis-related proteins in the present study, we evaluated the expression of caspase-3/8, PARP-1 and survivin. Western blotting analysis indicated that expression of actived-caspase-3/8 and PARP-1 were significantly increased, but the expression of survivin was significantly restrained in Bel 7402 cells (Figure [3](#F3){ref-type="fig"}A). To our surprise, the expression of actived-caspase-3 did not change much, but the expression of actived-caspase-8 and PARP-1 was significantly enhanced, and the expression of survivin was significantly suppressed in HLE cells (Figure [3](#F3){ref-type="fig"}B). These results indicated that BITC could inhibit expression of survivin and stimulate the expression of actived-caspase-8 and PARP-1 in HCC cells. However, to influence on the expression of actived-caspase-3, BITC was able to promote its expression in Bel 7402 cells but had little effect on HLE cells.

BITC inhibits the invasion and migration of HCC cells
-----------------------------------------------------

To evaluate the influence of BITC on regulating invasion and migration in Bel 7402 cells and HLE cells, transwell chamber migration assays were used, and the results demonstrated that the ratio of migratory and invasive Bel 7402 cells and HLE cells were significantly decreased following treatment with BITC (40 μmol/L or 80 μmol/L) for 48 h. When the cells were treated with 40 μmol/L BITC, the invasive ratios of Bel 7402 cells and HLE cells were 64.2±4.3% and 52.4±5.3%, respectively, compared with the control group. When the cells were treated with 80 μmol/L BITC, the invasive ratios of Bel 7402 cells and HLE cells were 54.6±4.0% and 36.7±5.4%, respectively, compared with the control group (Figure [4](#F4){ref-type="fig"}A). When the cells were treated with 40 μmol/L BITC, the migratory ratios of Bel 7402 cells and HLE cells were 62.3±2.9% and 39.7±4.6%, respectively, compared with the control group. When the cells were treated with 80 μmol/L BITC, the migratory ratios of Bel 7402 cells and HLE cells were 51.4±3.1% and 19.8±3.3%, respectively, compared with the control group (Figure [4](#F4){ref-type="fig"}B). These results demonstrated that BITC was able to inhibit invasion and migration of HCC cells *in vitro*.

BITC inhibits the expression of MMP2, MMP9, CXCR4 and the activities of MMP2/9
------------------------------------------------------------------------------

To explore the role of BITC in the expression of metastasis-related proteins, and the activities of MMP2/9, we evaluated the expression of MMP2/9 and CXCR4. Western blotting analyses indicated that expression of MMP2/9 and CXCR4 were significantly suppressed compared with that of the control (Figure [5](#F5){ref-type="fig"}A-C), and the activities of MMP2/9 were also significantly restrained in Bel 7402 cells and HLE cells treated with BITC (40 μmol/L or 80 μmol/L) for 48 h (Figure [5](#F5){ref-type="fig"}D). These results revealed that BITC was able to inhibit expression of MMP2/9 and CXCR4 and the activity of MMP2/9 in HCC cells.

Discussion
==========

Chemotherapy is critical for the treatment of cancer, as chemo-drugs have a therapeutic effect by inducing the apoptosis of cancer cells. Apoptosis plays important roles in developmental processes, maintenance of homeostasis, and elimination of seriously damaged cells. Apoptosis obstacle could stimulate carcinogenesis, and drugs inducing apoptosis of cancer cells can inhibit the growth of cancer cells as well as suppress the metastasis of cancer cells. Proliferation and metastasis are important traits of cancer cells, and targeting apoptosis and metastasis is a valid approach to develop novel anticancer drugs. Many ITCs, including BITC, are effective chemoprotective agents against chemical carcinogenesis in experimental animals. Studies have found that BITC was able to induce apoptosis in many cancer cells via cell cycle arrest and stimulation of caspases signaling pathways[@B22]-[@B25] and suppression of invasion and angiogenesis of glioma cells[@B26], breast cancer cells[@B27], head and neck squamous cell carcinoma[@B28], and non-small cell lung cancer cells[@B29]. These results revealed that BITC can induce apoptosis and inhibit metastasis in many types of cancer. Although BITC has an inhibitory effect on diethylnitrosamine-induced hepatocarcinogenesis in rats, whether BITC is able to induce apoptosis and metastasis in HCC cells is still unclear. In the present study, we reported that BITC could directly suppress the growth and promote the apoptosis of HCC cells, and it could also play a role in inhibiting the metastasis of HCC cells in vitro.

A significant amount of evidence has revealed that BITC induced apoptosis by activating apoptosis-related signaling pathways or inhibiting growth signal pathways[@B25],[@B30],[@B31] and regulating the expression of apoptosis-related genes[@B32]. In this study, we found that BITC might stimulate the expression of activated-caspase-3/8 and PARP-1 and suppress the expression of survivin in Bel 7402 cells and in HLE cells. To our surprise, BITC had little influence on the expression of activated-caspase-3 on HLE cells. Activated-caspase-3 plays a pivotal role in the promotion of apoptosis in cancer cells. Although some evidence has shown that BITC promotes apoptosis within the complicated signaling system[@B33], we speculate that BITC induces apoptosis of different HCC cells maybe through several apoptotic signaling pathways. Recently, we have reported that alpha fetoprotein(AFP) plays an antagonistic role of BITC via arresting cell cycle in liver cancer cells[@B15], and AFP could antagonize the apoptosis induced by paclitaxel[@B34], AFP also promotes malignant behaviors of HCC cells, including drug-resistance[@B20],[@B36]. Because AFP is specifically expressed in HCC cells, in this study, we found that in HLE cells, a non-AFP-producer, cell growth was significantly inhibited by BITC at a concentration of 20 μmol/L, but to Bel 7402 cells, an AFP-producer, the effect of BITC was emerged in concentration of 40 μmol/L(Figure [1](#F1){ref-type="fig"}A), and we have found that AFP antagonized BITC suppressed apoptosis of HCC cells (data not shown). These data indicated that AFP expression in HCC cells was able to act against the effect of BITC in the treatment of HCC cells. These results indicated that HCC cells harbor a heterogeneity trait and provide important information about target selection for HCC patient therapy.

The metastasis of cancer cells involves expression changes of MMP2, MMP9 and CXCR4. A high expression of MMP2/9 concomitant with the activity is enhanced. The MMP2/9 enzymes can dissolve the surrounding tissue, leading to cancer cells invasion and migration away from the primary focus. CXCR4 is a receptor for stromal cell-derived factor-1alpha (SDF-1α), which stimulates migration of the cancer cells. Researchers have found that BITC inhibited invasion of glioma via suppressing the expression and activity of MMP2/9[@B26],[@B36], and ITCs prevent the development of prostate adenocarcinoma via restraining the expression of CXCR4[@B37]. Although BITC plays a role in inhibiting the expression of MMP2/9 and CXCR4 and the activity of MMP2/9 in many cancer cells, including HCC cells[@B38], the mechanism by which BITC suppresses the metastasis of HCC cells is still unknown. In the present study, we report for the first time that BITC directly suppressed the expression of MMP2/9, CXCR4 and the activity of MMP2/9. These results indicated that BITC could induce apoptosis and restrain the metastasis of HCC cells through suppressing apoptosis signaling pathways and down-regulating expression of metastasis-related proteins, which promote the invasion and migration of HCC cells.

Altogether, this is the first time to report that BITC harbors a function to promote apoptosis and inhibit migration and invasion of HCC cells in vitro. BITC may be used as a novel nutrient compound for chemoprevention and therapy for HCC.
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![**Influence of BITC on the growth and apoptosis of Bel 7402 cells and HLE cells.**A, Bel 7402 cells or HLE cells were treated with different concentrations (10-80 μmol/L) of BITC for 48 h, and the MTT method was applied to detect the growth of the cells; \**P*\<0.05, \*\**P*\<0.01, and \*\*\**P*\<0.01 vs. control groups. B and C, Bel 7402 cells or HLE cells were treated with BITC (40 μmol/L and 80 μmol/L) for 48 h, and the growth morphology of Bel 7402 cells or HLE cells was observed by microscope. The cytoblasts of Bel 7402 cells and HLE cells were stained with DAPI and observed by fluorescent microscopy. The red arrows indicate apoptosomes. The images are representation of at least three independent experiments.](jcav08p0240g001){#F1}

![**Effects of BITC on the apoptosis of Bel 7402 cells and HLE cells.** A, Bel 7402 cells and HLE cells were treated with 40 μmol/L and 80 μmol/L of BITC for 48 h, and the apoptosis of Bel 7402 cells and HLE cells was analyzed by flow cytometry. The bottom column picture shows the statistical analysis of the apoptosis ratios; \**P*\<0.05, \*\**P*\<0.01 vs. control groups. The images are representation of at least three independent experiments.](jcav08p0240g002){#F2}

![**Effects of BITC on the expression of apoptosis-related proteins in Bel 7402 cells and HLE cells.** A and B, Bel 7402 cells or HLE cells were treated with 40 μmol/L or 80 μmol/L of BITC for 48 h, and the expression of actived-caspase-3, actived-caspase-8, PARP-1 and survivin in the cells was evaluated by Western blotting. The bottom column picture indicates the statistical analysis of the expression of the proteins ratios (compared with the internal control β-actin), \*\**P*\<0.01, vs. control groups. The images are representation of at least three independent experiments.](jcav08p0240g003){#F3}

![**Influence of BITC on the migration and invasion of Bel 7402 cells and HLE cells**. A and B, Bel 7402 cells or HLE cells were treated with 40 μmol/L or 80 μmol/L of BITC for 48 h, and the invasion (A) and migration (B) of Bel 7402 cells and HLE cells were detected by transwell chamber. The right column picture indicated the statistical analysis of the numbers of the migratory and invasive cells; \**P*\<0.05, \*\**P*\<0.01, and \*\*\**P*\<0.001 vs. control groups. The images were representation of at least three independent experiments.](jcav08p0240g004){#F4}

![**Influence of BITC on the expression of MMP2/9 and CXCR4 and the activity of MMP2/9 in Bel 7402 cells and HLE cells**. A and B, Bel 7402 cells or HLE cells were treated with 40 μmol/L and 80 μmol/L of BITC for 48 h, and the expression of MMP2, MMP9 and CXCR4 in the cells was evaluated by Western blotting. C, The column picture comprises the statistical analysis of the expression of the proteins ratio (compared with the internal control β-actin), \**P*\<0.05, \*\**P*\<0.01 vs. control groups. D, Bel 7402 cells and HLE cells were treated with 40 μmol/L and 80 μmol/L of BITC for 48 h and the activity changes of MMP2/9 were detected by SDS-PAGE electrophoresis. The activities of MMP2/9 were analyzed by enzymatic reaction reagent kit, and the bottom column picture is the statistical analysis of the activities of the MMP2/9; \**P*\<0.05, \*\**P*\<0.01 vs. control groups. The images are representation of at least three independent experiments.](jcav08p0240g005){#F5}
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